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The Paridae family (chickadees, tits and titmice) is an interesting avian group in that species vary in
important aspects of their social structure and many species have large and complex vocal reper-
toires. For this reason, parids represent an important set of species for testing the social
complexity hypothesis for vocal communication—the notion that as groups increase in social com-
plexity, there is a need for increased vocal complexity. Here, we describe the hypothesis and some of
the early evidence that supported the hypothesis. Next, we review literature on social complexity
and on vocal complexity in parids, and describe some of the studies that have made explicit tests
of the social complexity hypothesis in one parid—Carolina chickadees, Poecile carolinensis. We con-
clude with a discussion, primarily from a parid perspective, of the beneﬁts and costs of grouping and
of physiological factors that might mediate the relationship between social complexity and changes
in signalling behaviour.
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1. INTRODUCTION
The social experience of an individual during on-
togeny can profoundly inﬂuence vocal signals that
the individual uses in its interactions with others
[1,2]. Experience hearing vocal signals of, and inter-
acting with, other individuals can shape the sounds
individuals produce as well as the ways in which indi-
viduals use those sounds [3]. Recently, it has become
clear that the complexity of an individual’s social
group can also impact the vocal signals used in its
interactions with others [4]. Thus, the social group
of an individual represents both a context for vocal
development and a social selection pressure impacting
vocal behaviour. As a result, the complexity of social
groups may be a driver of the diversity and complexity
of vocal signalling systems, in both a proximate (eco-
logical) and ultimate (evolutionary) sense. In the
following pages, we will address this issue of social
complexity as a potential driver of vocal complexity
from the standpoint of the social and vocal behaviour
of a particularly complex avian family, the Paridae.
For vocal signalling systems, the social complexity
hypothesis [4] argues that groups with greater social
complexity will possess greater complexity in their
systems of vocalizations compared with groups that
are relatively simple in social structure. The social
complexity hypothesis holds for either interspeciﬁc
comparisons (species in which groups are socially
complex compared with species in which groups are
relatively simple) or intraspeciﬁc comparisons
(groups that are socially complex compared with con-
speciﬁc groups that are relatively simple). Social
complexity can be assessed in terms of group size,
group density, diversity in roles or status of group
members, or diversity of relations in social networks.
Vocal complexity can be measured in terms of vocal
repertoire size, information (bits) in a vocal signalling
system or in the diversity of ways vocal signals are
used by group members. Many parid species form
relatively stable ﬂocks (in space and time), and species
vary a great deal in ﬂock size. At a basic level, then, the
social complexity hypothesis would predict that species
forming larger ﬂocks should have a greater diversity of
vocalizations compared with species forming smaller
ﬂocks. On the other hand, species with similar ﬂock
sizes may vary in the structure of social relations
within those ﬂocks. For example, some species are
highly ‘despotic’ in that individuals in ﬂocks form
strongly linear dominance hierarchies, whereas other
species are more ‘egalitarian’ in that individuals form
dominance hierarchies that exhibit lower linearity
owing to a greater number of dominant–subordinate
reversals [5]. The greaterdiversityof social connections
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1879 This journal is q 2012 The Royal Societyin more ‘egalitarian’ species should drive greater vocal
complexity compared with the lower diversity of
social connections in more ‘despotic’ species, accord-
ing to the social complexity hypothesis. One of the
key aims of this article is to review the work to date
that speaks to these issues.
In §2, we provide a brief review of studies that have
found a relationship between the social complexity of
non-human mammalian and avian species and the
complexity of their vocal systems. In §3, we review
some of our work on this relationship in avian species
of the family Paridae. This section focuses on one of
the main calling systems used by members of many
of these species—the ‘chick-a-dee’ call (ﬁgure 1; the
‘si-ta ¨a ¨’ call described for willow tits, Poecile montana,
by Haftorn [6])—and we provide an overview of the
ways in which variation in the call is associated with
different social, environmental and behavioural con-
texts. In §4, we describe some of the major beneﬁts
andcostsofgroupliving,primarilyfromtheperspective
of parid species. We conclude by linking notions of
beneﬁts and costs of social grouping (§4c) to questions
regarding vocal signalling complexity (§4d), with the
aim of generating ideas for future tests of the social
complexity hypothesis.
2. SOCIAL COMPLEXITY AS A DRIVER OF VOCAL
COMPLEXITY
There has long been interest in relationships between
the ecologies and social environments of species
and variation in their systems of communication
[3,7–10]. Researchers recently have tested for these
relationships in a diversity of species, including visual
signalling in lizards [11] and vocal signalling in sciur-
ids [12], birds [13] and non-human primates [14].
These studies indicate that selection pressures related
to living in social groups may inﬂuence species-level
differences in communication.
There are many beneﬁts of living in social groups,
including an increased ability to detect and respond
to predators and to detect and exploit food resources
[15,16]. These abilities are often facilitated by vocal-
izations [7,9,17,18]. Indeed, in many species, vocal
signalling aids social cohesion as group members
move through their environments and may be out
of visual contact with one another [1,17,19–24].
In turn, the complexity of social organization of a
group likely inﬂuences the ways in which group mem-
bers vocally communicate with one another.
Relationships between vocal signalling and social cohe-
sion, and between certain vocal signals and speciﬁc
social interactions, have been documented in detail
for many non-human primate species with complex
social groups (e.g. chacma baboons, Papio hamadryas
ursinus [25,26]; white-faced capuchins, Cebus capuci-
nus [27]; golden lion tamarins, Leontopithecus rosalia
[28]; (reviews in [17,29]).
The notion of social complexity inﬂuencing vocal
complexity is also a major argument for the origin of
language in humans [30,31]. Dunbar [32,33] has
argued that vocal interaction in our distant Homo
sapiens ancestors became a type of ‘grooming’ used to
maintain relationships in groups—as groups became
larger and larger, the number of vocal units had to
increase, and how those units combined to form larger
units had to become more complex, leading to the gra-
dual emergence of an early language (Aiello & Dunbar
[34] place this emergence at roughly 250000 years
ago). The question of language origin is considered
one of the more difﬁcult problems in science [35].
Comparative approaches have long provided
answers to difﬁcult problems in behaviour [36,37].
There are increasing arguments to widen our compara-
tive approaches to questions of language origin and the
evolution of complex communicative systems to
include non-primate species [35,38]. Empirical work
over the past two decades is starting to reveal the
role social complexity might play in the evolution of
complex communicative systems, and perhaps a
greater understanding of this role will help us shed
light on the question of the origin of language.
Comparingeightbatspecies,forexample,Wilkinson
[39] found that the information content of isolation
calls of infant bats was greater for species that form
larger rather than smaller colonies. Bat species that
form very large colonies are thought to require greater
individual-level distinctiveness in isolation calls to
aid in parent–offspring recognition, which would
result in greater information content at the level of
the entire call system, in comparison with bats that
form much smaller colonies or groups. Blumstein &
Armitage [12] found that marmot and squirrel species
that formed groups with a greater number of social
roles had more distinct alarm calls in their vocal reper-
toires, relative to species that form groups with fewer
social roles. In a large comparative study of non-
human primates, McComb & Semple [14] found that
species that form groups with greater numbers of indi-
vidualshadlarger vocalrepertoiresthandidspeciesthat
form groups with fewer individuals. In a study that
compared social torch tail rats, Trinomys yonenagae,t o
more solitary species, de Freitas et al. [40] found that
torch tail rats engaged in relatively higher levels of
afﬁliative and lower levels of aggressive behaviour, and
had relatively larger repertoires of vocal signals.
Highly social suricates, Suricata suricatta, and faculta-
tively social yellow mongooses, Cynictis penicillata,
have larger vocal repertoires in comparison with rela-
tively solitary mongoose species [41–43]. In each of
these cases, despite the diversity of measures used by
researchers, increased social complexity seems to be
associated with increased vocal complexity.
Although much of the workon possible relationships
between social complexity and vocal complex-
ity has involved mammalian species, some of the
work has focused on avian species. For example,
many of the Psittaciformes (parrots and allies) species
have quite complex social structures and have among
the largest and most complex vocal repertoires, includ-
ing imitation and vocal learning into adulthood [44].
The corvids (jays and crows) represent an avian
family within the Passeriformes (songbirds) that may
provide additional insights into relationships between
social and vocal complexity [45]. For example, North
American jay species differ from one another in terms
of the stability or variability of their ﬂock structure,
the typical number of individuals within a ﬂock and
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Figure 1. (a) Spectrograms of chick-a-dee calls of Carolina chickadees, Poecile carolinensis.( b) Spectrograms of chick-a-dee calls
of three titmouse species: top, tufted titmouse, Beaolophus bicolor; middle, bridled titmouse, B. wollweberi; bottom, oak tit-
mouse, B. inornatus. In each spectrogram, the y-axis represents frequency (0–11 kHz) and the x-axis represents time
(seconds). Spectrograms were generated using Avisoft SASLab Pro (Raymund Specht, Berlin, Germany), with a fast
Fourier transform (FFT) of 512, frame 100%, Blackman window function and resolution 43 Hz.
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viduals.Thesespecies,asisgenerallytrueofcorvids,also
have quite variable and complex systems of vocal com-
munication. Also within Passeriformes, Kroodsma [13]
found that among a group of North American wren
species (family Troglodytidae), those species in which
individuals faced high rates of interaction with territorial
neighbours had larger repertoires of songs compared
with species in which individuals faced relatively low
rates of intraspeciﬁc contact and interaction.
In the Paridae (chickadees, tits and titmice),
Freeberg [46] found that Carolina chickadee, Poecile
carolinensis, groups with many individuals had greater
information content (i.e. greater uncertainty in note
composition) in their chick-a-dee calls compared with
groups with fewer individuals. Chick-a-dee calls are
the primary social signals used in short- and medium-
rangecommunicativeinteractionsbymostparidspecies
throughout the year [47]. In the ﬁrst experimental test
of whether social complexity might affect vocal com-
plexity, Freeberg [46] manipulated group size in
Carolina chickadees in captive settings, and found that
birds placed into larger groups ended up using chick-
a-deecallswithgreaterdiversityofnote-typeusagecom-
pared with birds placed into smaller groups. More
recently, Freeberg & Lucas [48]( ﬁgure 2) used several
information theoretical approaches to analyse chick-
a-dee calls and found that the information in calls of
Carolina chickadees was qualitatively greater than for
the calls of black-capped chickadees, Poecile atricapillus
(data on black-capped chickadees came from an earlier
study [49] that had compared that species’ calls to the
English language in terms of structural complexity).
Carolina chickadee ﬂocks tend to be less despotic
(more egalitarian—there tend to be more reversals in
dominant–subordinate interactions within ﬂocks)
than black-capped chickadee ﬂocks [50,51]. Although
acomparative studyof only two species limits generaliz-
ability, these results lead us to suggest that we need
to focus our future efforts on understanding the net-
work of social relations among individuals in parid
ﬂocks, if we wish to understand the social pressures
that might drive communicative complexity. We now
turn to speciﬁc aspects typical of parid social systems
that appear to be important in the evolution of vocal
complexity in this family.
3. SOCIAL AND VOCAL COMPLEXITY IN THE
PARIDAE
The Paridae family comprises three major groups of
birds: the North American chickadees, the North
American titmice and the Eurasian tits [52]. One
reason this family is important for testing the social
complexity hypothesis is that most parid species have
a complex and, for songbirds, fairly atypical social
organization. Broadly speaking, parid life histories
tend to have the following properties [5,51,53,54].
During the spring and early summer, female and male
pairs defend breeding territories and raise offspring.
During late summer, young disperse from their natal
grounds and the adults form ﬂocks with other, typically
non-kin,conspeciﬁcs.Flocksdevelopstabledominance
hierarchies, and social status affects individuals’ ﬁtness
due to differential access to food and mating partners,
as well as differential exposure to predators in that sub-
ordinate individuals are often forced to forage in more
peripheral and exposed areas where ﬂocks exploit food
[51,55]. Flocks remain fairly stable in membership
from roughly early autumn through the following
spring, when they again break up into breeding pairs.
Flocks are also stable in space, as members jointly
defend their territory from other ﬂocks. The complex
and atypical social organization of parids has been pro-
posed as one of the reasons for their rich vocal
complexity [56,57].
Another reason parids are an important group for
testing the social complexity hypothesis is that many
of the species possess repertoires of diverse vocal sig-
nals. The main vocalization we address here is the
chick-a-dee call (ﬁgure 1), a primary signal used to
maintain group cohesion [47,49,57–59]. Chick-
a-dee calls are a combinatorial vocal system in that
there are a small number of distinct note types, and
if a note type occurs in a given call, it can occur
more than once and will follow strict note-ordering
rules [49,57,60,61]. Furthermore, in black-capped
chickadees, P . atricapillus, note types categorized
by humans can be perceived as distinct note types by
the birds themselves [62]. Earlier work on black-
capped chickadees suggested that the chick-a-dee call
was the most structurally complex vocal system
known outside of human language [49,57].
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Figure 2. The encoding capacity (uncertainty) of the notes in
chick-a-dee calls of black-capped chickadees (black bars)
and Carolina chickadee (white bars) and of the letters in a
sample of English text (grey bars). Figure adapted from
Freeberg & Lucas [48], with data from black-capped chick-
adees and English words adapted from Hailman et al. [49].
For these different measures of complexity of note usage
and note combinations, Carolina chickadee calls are qualitat-
ively more complex than black-capped chickadee calls. This
is particularly seen at higher-order levels of uncertainty that
relate to how different note types are combined in pairs and
triads within calls.
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structurally complex is that the call is an open-ended
vocal system, meaning that increased recording of
chick-a-dee calls will continually reveal calls with dis-
tinct note-type compositions. This open-ended nature
is one of the main features the chick-a-dee call shares
with human language, and one of the main differences
between the chick-a-dee call and the ﬁnite song reper-
toires of most songbird species [63,64]. We know that
the chick-a-dee call is an open-ended system based
upon information theoretical analyses [65] of variation
in note types across large sets of recorded chick-a-dee
calls from dozens or hundreds of individuals from
many different ﬂocks [48,49]. Another way of addres-
sing whether the call system is open-ended is to
consider it from the standpoint of an individual bird.
If a researcher records a large number of chick-a-dee
calls from that individual, does the researcher continue
to obtain unique call types as assessed by variation
in note composition? If so, this continued increase in
unique calls represents an open-ended system of com-
munication. We have carried out such an analysis on
sets of recordings of captive Carolina chickadees.
Chick-a-dee calls of six captive Carolina chickadees
that were part of the Freeberg [46] study were assessed
here, as these six birds produced over 100 calls each
duringthestudy.Foreachbird,weconsideredconsecu-
tive sequences of ﬁve calls each, and determined the
number of unique calls in that subsample. If the cumu-
lative number of unique calls had quickly levelled off to
anasymptote,thiswould have suggestedthatindividual
chickadees have a ﬁnite number of distinct calls even if
call diversity at the population level fails to show an
asymptote, the sort of result typically seen with reper-
toires of songs in songbirds. In contrast, we found that
in each of the six chickadees analysed here, the cumula-
tive number of unique calls continued to increase, with
the ﬁnal number of unique calls in the sample of 100
consecutive calls varying across birds (from 32 to 65
unique calls; ﬁgure 3). These data suggest either that
increased recording effort would continue to ﬁnd calls
with a unique note-type composition, or at least that
the ‘repertoire’ of chick-a-dee calls of individual
Carolina chickadees is extremely large.
We can quantify the relevant properties of the
cumulative distribution of call types as follows. In
terms of sample coverage [66], Q is the probability
that an additional recorded call type will already have
been documented in our sample. The sample coverage
is measured as Q ¼ 1 2 (N1/I), where N1 is the
number of call types recorded only once, and I is the
total number of calls recorded. If Q is very close to
unity, it means that the probability of observing a
novel call type in additional recording effort is low.
As Q approaches or reaches unity, it suggests that the
researcher has largely captured the call repertoire of
an individual—the individual has reached its upper
limit of call types. If Q is closer to zero, however, it
means that the probability of observing a novel call
type with additional recording is high—that the
researcher is very far from having recorded a complete
vocal repertoire. In our sample of six chickadees, I ¼
100 for each and N1 ranged from 16 to 48; Qso f
0.52, 0.56, 0.60, 0.74, 0.79 and 0.84. Taken together,
then, the results from our cumulative unique calls
which were recorded and our sample coverage analysis
suggest that although chickadees do repeat call types,
they continue to produce unique calls over time.
Finally, the chick-a-dee call is one of the more com-
plex vocal systems known in non-human animals in
terms of statistical information content, expressed as
‘uncertainty’ [6,49,57,60,67]. Information content is
one aspect of the chick-a-dee call system that is inﬂu-
enced by group size manipulations [46]. Greater
information here stems from considerable diversity
in note compositions of calls, and an implicit assump-
tion of ‘information’ here is that the diversity of note
composition somehow maps onto distinct messages
and meanings for the birds themselves. Evidence
from many different laboratories and from different
chickadee species indicates that the variation in chick-
a-dee call structure that has been documented via
information-based analyses does indeed correspond
to functional variation in call structure. Increasing evi-
dence indicates that different environmental contexts
result in birds producing calls that differ in note com-
position, and calls differing in note composition affect
receivers’ behaviour differently in playback studies
(table 1); we detail some of these ﬁndings for two
chickadee species below. Variation in chick-a-dee calls
can affect heterospeciﬁc behaviour as well [97,98].
Carolina chickadees provide one example of the
enormous variation in the chick-a-dee call system and
how that variation relates to different contexts and to
individual-level variables [99]. The typical Carolina
chickadee chick-a-dee call (for an eastern TN, USA,
population [82]) has roughly two introductory notes
(different notes types that are whistled and often
show considerable frequency modulation), a C note
(a noisy note type that generally increases in frequency
over the course of the note) and three concluding D
notes (a noisy note type with minimal frequency modu-
lation that appears like a series of stacked overtones
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Figure 3. The cumulative number of novel calls in sequences
of 100 calls for six Carolina chickadees continues to increase,
suggestinganopen-endedcallingsystem.Eachlinerepresents
a different Carolina chickadee.
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[48] documented how the note compositional struc-
ture of the call of Carolina chickadees differs from
the call of black-capped chickadees [49]. Freeberg
et al. [79] documented local population differences in
subtle acoustic features of the note types. Bloomﬁeld
et al. [80] demonstrated that the different note types
were distinct from one another in terms of acoustic
ﬁne structure, and for each note type, it was possible
to distinguish individual birds using those acoustic fea-
tures. Lucas et al. [81] demonstrated that chickadees
increase their chick-a-dee call production rate when
their energy stores decline. Several laboratories have
found that chickadees produce more calls and more
D notes in their chick-a-dee calls when perched avian
predator models have been detected [83–85]. When
an avian predator is detected ﬂying through the area
where chickadees are located, those chickadees pro-
duce many fewer D notes and tend to produce more
introductory notes [82]. This ﬁnding from naturalistic
observational research has been corroborated with a
more recent experimental study [86]. When chickadees
ﬁrst detect food, they produce more D notes in their
calls, and this variation in their calls can affect the be-
haviour of receivers during playback studies [87,88].
Finally, chickadees that are in ﬂight or on the verge of
taking ﬂight tend to produce more C notes in their
chick-a-dee calls compared with when the birds are
perched [59,82]. In short, for this one species, vari-
ation in this single call system can be associated with
a very large number of factors and contexts related to
identity, motivation and arousal related to internal
and external factors, and behavioural tendencies.
Chick-a-dee calls of black-capped chickadees have
also been heavily studied, and in many contexts similar
to those described earlier for Carolina chickadees. For
example, the note types are distinct from one another
in terms of their acoustic structure, and individuals
can be identiﬁed from one another based upon these
acoustic differences [49,73]. The size (and therefore
relative threat) and distance of predator stimuli inﬂu-
ence the note composition of chick-a-dee calls in
black-capped chickadees [74–76]. Inone of the earliest
studies to suggest the chick-a-dee call might function in
reciprocal altruism within chickadee ﬂocks, Ficken
[101] found that black-capped chickadees produced
more calls when they were in a food context, potentially
recruiting ﬂockmates to the location of the food source.
In short, the ﬁndings from black-capped chickadees
parallel those from Carolina chickadees, indicating
that variation in the production and note composition
of chick-a-dee calls is associated with a wide variety of
behavioural, social and physical environmental con-
texts. It is still largely an open question of whether
call variation is primarily externally referential or is pri-
marily linked to emotional or arousal state, or, as we
suspect, some combination of the two. Further work
with chickadee species should be able to elucidate the
messages and meanings of variation in calls. Increased
effort to understand call variation in other chickadee,
tit and titmouse species will furthermore be crucial to
be able to make stronger comparative statements
about the function and evolution of the call.
To summarize, many parid species exhibit an atyp-
ical and fairly complex social organization, and many
appear to have a diverse and ﬂexible calling system—
the chick-a-dee call. We suggest that the complexity
of social structure in parids may be one of the main
reasons for the exceedingly complex call system [57].
The social pressures that stem from interacting with
the same individuals over long periods of time—in
agonistic and afﬁliative interactions, and in competitive
and possibly cooperative contexts—require ﬂexible and
diverse repertoires of signals. It is incumbent upon us
as researchers to understand those social pressures,
however, and so in §4, we turn back to the question
of parid social structure, with the aim of generating tes-
table predictions related to our broaderconcernof links
between social and vocal complexity.
4. BENEFITS AND COSTS IN PARID SOCIAL
ORGANIZATION: FUTURE CONSIDERATIONS
FOR THE SOCIAL COMPLEXITY HYPOTHESIS
In §§2 and 3, we discussed research on the question of
how variation in social complexity might relate to vari-
ation in vocal complexity, with a focus on parid species.
In this ﬁnal section, we integrate these ideas into the
broader literature on social grouping, and disease and
immune system functioning in the context of sociality.
Table 1. A summary of variation in chick-a-dee call note
composition or acoustic parameters of notes in relation to
various identity, state or context factors.
species
factors associated
with chick-a-dee call
variation
references
black-capped
chickadee Poecile
atricapillus
species [48,68–70]
ﬂock [71,72]
individual [73]
predator [74–76]
boreal chickadee
P . hudsonicus
individual [77]
chestnut-backed
chickadee
P . rufescens
individual [78]
Carolina chickadee
P . carolinensis
species [48]
local population [79]
individual [80]
energetic state [81]
predator [82–85]
food [87,88]
ﬂight [59,82]
Mexican chickadee
P . sclateri
individual [89]
mountain chickadee
P . gambeli
species [68,69]
individual [90]
ﬂight [91]
tufted titmouse
Baeolophus bicolor
individual [92]
predator [83,93,94]
crested tit
Lophophanes
cristatus
proximity to cover [95,96]
willow tit Poecile
montana
predator [97]
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social grouping in parids and other species. We then
provide a brief overview of one of the major costs of
sociality—increased parasite and disease trans-
mission—and how this cost impacts tradeoffs in
immune system function. In each of these areas, we
draw attention to questions that need to be addressed
to gain a deeper understanding of the ways in which
environmental pressures might drive changes in social
structure, which in turn can impact (and perhaps be
impacted by) vocal signalling complexity.
(a) Energetic stress, predation and winter
ﬂocking
Energetic stress [102] and predation [103,104] are
probably the main factors responsible for the mortality
of many birds in winter. Under certain conditions,
sociality can reduce the impact of both of these factors.
Sociality allows savings in vigilance time without suf-
fering increments in risk of predation, and foraging
socially may reduce the risk of energetic shortfall
[104,105].
All parid species studied so far are social to some
extent in the non-breeding season, but the degree of
sociality can vary widely between species [5]. During
winter, most parids live in small coherent groups
consisting of non-kin members. Prolonged juvenile
association with parents is also known for the black
tit, Parus niger [106], tufted titmouse, Baeolophus bicolor
[107] and varied tit, Parus varius. Parids such as the
great tit (Parus major), and the blue tit (Cyanistes caer-
uleus), are organized in a loose social system with no
permanent group membership, and space appears not
to be as rigidly partitioned into exclusive areas as in
parids with discrete social units [5]. Some parid species
do not form ﬂocks at all in the overwintering months,
but rather remain in the core social unit of a female–
male mated pair throughout the year. For example,
oak titmice (Baeolophus inornatus) and juniper titmice
(Baeolophus ridgwayi) are rarely found in the winter in
conspeciﬁc groups of more than two individuals
[108,109]. Christman [110] argues that the handling
of relatively large food items in relatively safe foraging
spaces may be the evolutionary factor driving the loss
of overwintering ﬂocks in these species. If predictions
of the social complexity hypothesis are supported,
these two species should have relatively less complex
chick-a-dee calls in comparison with tufted titmice, in
which individuals form small overwintering ﬂocks, or
especially in comparison with bridled titmice, Baeolo-
phus wollweberi, in which individuals can form quite
large ﬂocks [111]. This comparative question awaits
formal testing, but if supported, it would beg the ques-
tion of whether overwintering energetics or predation
pressure is driving these changes in social organization
and territoriality.
Ecological beneﬁts of gregariousness have been
addressed. For example, Ekman [112] found that
willow tits, Poecile montanus, allocated less time per
capita to scanning for predators as conspeciﬁc group
size increased. Larger groups may provide an increased
ability to avoid a predator, as well as a dilution effect
such that an individual’s chances of being attacked by
a predator diminish with an increase in group size
[113,114]. The very large ﬂocks observed in bridled tit-
mice, for example, may allow ﬂock members to exploit
better food sources that are more exposed to potential
avian predators [115]. Another potential anti-predator
beneﬁt of animal aggregations is the ‘predator con-
fusion effect’ [116] and the ‘encounter dilution’ effect
[117]. Alternatively, ﬂocking birds may often assemble
around a potentially dangerous predator and move it
away from the ﬂock territory [118,119]. Many studies
have shown that ﬂocking beneﬁts allow reallocating
time to food searching (review in [15]). Increased
time devoted to food searching in turn should affect
fattening strategies and improve overwinter survival
and ﬁtness [120].
Behavioural interactions can show considerable
plasticitydependingonlocalbioticandabioticconditions
[121]. Especially harsh, unpredictable and physio-
logically stressful environments have been suggested
to enhance the occurrence of positive interactions
[122,123] and cooperation with neighbours [124–127]
and to decrease competition [128] and delay dispersion
[129,130]. Besides experimental research, there is
non-experimental evidence from plant and animal
communities and human societies showing a correl-
ation between adverse conditions and cooperation
[131–134]. The suite of prosocial behaviour patterns
that may emerge from harsh, stressful physical environ-
ments may be part of the social pressure that demands
greater communicative complexity [4]. Species in which
individuals occur solitarily or in groups exhibiting
strong dominance structures and little afﬁliative inter-
actions would not require sets of these ‘positive’signals.
As social complexity increases with group size (as a
generality, but see [4]), each new individual potentially
adds more diversity and perhaps more unpredictability
to a group’s communication network. In Carolina
chickadees, for example, in addition to the wide
range of contexts that inﬂuence chick-a-dee call struc-
ture, it appears that the ‘personality’ of an individual is
also associated with its calling behaviour. Williams
[135] found that more dominant/aggressive individ-
uals tended to be bolder in contexts of novelty and
increased threat, and also tended both to call more
and to produce more ‘D’ notes in their calls, compared
with less aggressive individuals. Similarly, Krams [95]
found that dominant crested tits, Lophophanes cristatus,
called more than non-dominant individuals. It would
be important to determine in parid species whether
individuals in groups with a greater diversity of ‘per-
sonalities’—that is, groups containing some balance
of dominant and subordinate individuals, shy and
bold individuals, highly active and less active individ-
uals, etc.—tend to accrue greater ﬁtness beneﬁts
than individuals in groups with more similarity
among individuals [136].
(b) Sociality, space use and mixed-species
groups
Two main patterns emerge in parid associations among
individuals and their use of space outside the reproduc-
tive season. The majority of temperate parids live in
stable social units with a shared and exclusive area,
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ﬂocks that often intermingle and live in overlapping
home ranges [5]. This dichotomy in space use between
stable and semi-stable ﬂocks is tied to the use of food
hoarding as an energy-management strategy. This is
because hoarding is a valuable strategy only if the
hoarder has relatively exclusive access to the hoarded
food [5,47]. Thus, food hoarding is found primarily
in species with stable territories and stable social
groups. Group size and group composition may also
interact with space use and hoarding behaviour.
Large numbers of conspeciﬁc individuals in ﬂocks
may increase the risk of cached food being stolen.
This competitive dynamic may be one of the reasons
many parids form multi-species groups consisting of
a few conspeciﬁc and several heterospeciﬁc individuals
[137]. Heterospeciﬁcs in such mixed-species groups
appear to substitute for conspeciﬁcs as predator pro-
tection at a low competition cost [138,139]. The
idea that the presence of heterospeciﬁc individuals
may lessen intraspeciﬁc competition allowing more
time for vigilance has been supported by studies show-
ing that willow tits save vigilance time by associating
with other tit species, goldcrests and treecreepers
(see also [140]). Although interspeciﬁc competition
has been observed, intraspeciﬁc competition appears
to be more severe because conspeciﬁcs compete not
just for food (and they may steal caches of other con-
speciﬁc group members) but also for the social rank
in the group’s dominance hierarchy [51,141], which
can be crucial for survival. On the other hand, selec-
tion for larger conspeciﬁc ﬂocks may be driven by
some unknown costs associated with ﬂocking as a
member of mixed-species groups (e.g. oddity effects
seen in many ﬁsh studies (review in [15]). Large and
relatively stable mixed-species ﬂocks, in which individ-
uals of different species respond to one anothers’
signals [98], therefore add interesting and important
dimensions to the question of social complexity and
the role it might play in vocal complexity.
Flock sizes of parid species vary enormously and in
some species (e.g. great tits and blue tits) are hard to
quantify simply because ﬂocks are ﬂuid and can
change over time and space [5]. Nonetheless, in
many species exhibiting the ‘discrete ﬂock’ structure
[5], there are very good data on ﬂock sizes, and
these sizes can differ spatially. For example, group
size increases for the willow tit from two in mid-
Europe, to four in Sweden, to six in Latvia, Norway
and Finland as the density of congeners decreases
[112,142–147]. There is also a tendency for a larger
group size in North American parids compared with
European parids. In general, larger conspeciﬁc
groups may be interpreted as a compensation for the
fewer coexisting parid species in North America, to
uphold joint vigilance for predators [112].
Interspeciﬁc communication becomes an important
component of the organization of mixed-species
groups. For example, Magrath & Bennett [148]
recently showed that superb fairy-wrens, Malurus
cyaneus, ﬂed to cover in response to playback of
noisy miner, Manorina melanocephala, alarm calls
associated with aerial predators. However, this
response was observed only in locations where
miners were present, suggesting that learning rather
than acoustic structure determines the response. It
therefore appears that learned eavesdropping on
alarm calls may help individuals gather ecologically
relevant information from heterospeciﬁcs in environ-
ments where individuals can be exposed to new
species and to more complex and unpredictable
social situations [99,149]. We suggest that a need for
learning of the vocal repertoire of other species may
be even more demanding than communicating in
ﬂocks consisting only of conspeciﬁc individuals. If
this involves costly processes such as neurogenesis of
the auditory or song control systems, ﬂocking with het-
erospeciﬁcs may be a more expensive opportunity to
replace conspeciﬁcs as predator protection than has
been appreciated to date.
(c) Costs of social grouping
Although social foraging reduces energetic costs
related to food ﬁnding and vigilance, it also increases
other types of costs. For example, increasing group
size in wintering parids usually increases competition
and leads to higher stress (especially in subordinate
individuals [141,150]) and reduced resistance to para-
sites and pathogens. Increasing group size or group
density may also increase transmission rates of para-
sites or disease. Very large parid ﬂocks could
potentially minimize these risks by increasing inter-
individual distances and therefore decreasing group
density. Bridled titmice seem to spread out more
when foraging in very large groups, and an additional
beneﬁt may be that subordinate status in this species
may be less costly than in other parid species [115].
In a closed social system, there is a limit to the
number of social units and individuals that an area
can accommodate, whereas there is no such apparent
limit in open systems. Given that great tit and blue
tit ﬂocks do not defend territories or have structured
dominance hierarchies, the ﬂocks have a potential of
becoming much larger than those of more territorial
parids, and ﬂocks of about 50 conspeciﬁcs have been
reported in the great tit [151]. However, density-
dependent variation in the risk of pathogenesis may
be another generally underappreciated life-history
determinant of group size in birds. For most organ-
isms, conspeciﬁcs are the main source of disease
[152]. Contact with increasing numbers of conspecif-
ics raises the probability of infection [153] and,
hence, the likelihood of needing to mount an
immune response. Recently, density dependence has
been tested in cooperatively breeding birds, which
are expected to suffer from higher costs of parasitism
than pair-breeding species. Sociality should facilitate
horizontal transmission and possibly select for higher
parasite virulence [154]. It was predicted that coopera-
tive breeders should invest relatively more in immune
defence than closely related species that breed in
pairs [155,156]. Spottiswoode [157] showed that the
response of the immune system to the mitogenic
lectin, phytohaemagglutinin (response), was signiﬁ-
cantly higher in cooperative breeders, suggesting
additional costs of philopatry and helping behaviour
might be imposed on social individuals in larger
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may also be important for birds that spend their
winter season as members of social groups. If so,
studies should reveal important associations between
immune system response and various metrics of
social complexity.
(d) Parid social and vocal complexity
We have emphasized work on parids and the chick-a-
dee call system here. Over two decades ago, Hailman
et al.[ 49] showed that the chick-a-dee call system was
one of the most complex call systems ever described
in terms of its open-ended nature and the potential
informationconveyed bythe system.Our reviewunder-
scores the fact that this call system is an ideal model
system for testing the social complexity hypothesis
and for understanding the causal mechanisms driving
the relationship between social complexity and vocal
complexity. Although the chick-a-dee call has been
well studied over the past few decades, there is still a
great deal we do not know about its development, func-
tion and evolution. We have some exciting evidence in
at least one species—Carolina chickadees—that experi-
mental changes in social complexity can drive changes
incomplexityofthechick-a-deecall.Morecomparative
data from a wider range of species are greatly needed.
For example, we know very little about the vocal behav-
iour and social structure of African parids in the
species-rich Melaniparus group.
Social behaviour, space use, energy and cache regu-
lation, and socially induced costs imposed by disease
and parasite pressure are all traits that impact group
size and group cohesion. The complexity and stability
of social ties, in addition to group size, in turn appear
to be evolutionary forces that drive vocal complexity.
There is even some evidence that seasonal changes in
social complexity result in variation in the use of the
chick-a-dee call [158]. We have focused on the chick-
a-dee call system here, but it is important to stress
that this call system is but one of the sets of vocal sig-
nals produced by parids. Like other songbird species,
parids produce songs (typically males, during the
breeding season) [56]. Recent work on another vocal
system in parids suggests important links to the ques-
tion of social complexity. The ‘gargle’ system is used
by parids primarily in the context of agonistic inter-
actions at a close range [159]. The social complexity
hypothesis would predict that individuals in more
socially complex groups would produce a greater diver-
sity of vocal signals compared with individuals in less
socially complex groups. Turning back to the North
American titmice species discussed earlier, we would
predict individual bridled titmice, which often form
quite large ﬂocks, to use a wider variety of vocal signals
in comparison with individual juniper titmice, which
are rarely found in conspeciﬁc groups larger than
two individuals.
Wehavereviewedmuchofwhatisknownaboutvocal
complexity in parids, and have made links to different
aspects of sociality in these species. Our bigger aim
withthisarticle,however,wastoraiseanumberofques-
tions to generate research ideas. This is a fascinating
and, we think, important family with which to answer
questions about relationships between social complex-
ity and vocal complexity. There is considerable
variation across species in fundamental social dimen-
sions such as group size, presence and number of
heterospeciﬁcs in mixed-species ﬂocks, presence or
absence of territories, and therefore social network
metrics.Therealsoappearstobeconsiderablevariation
in the structure and use of chick-a-dee calls, let alone
the broader repertoires of different vocal signals used
by each species. Social and vocal behavioural data are
needed for a greater number of parids if we are to be
able to do the fundamental comparative work [160]
that will help us determine the evolution of vocal
complexity in these species.
REFERENCES
1 Owings, D. H. & Morton, E. S. 1998 Animal vocal
communication: a new approach. Cambridge, UK: Cam-
bridge University Press.
2 Snowdon, C. T. & Hausberger, M. 1997 Social inﬂu-
ences on vocal development. Cambridge, UK:
Cambridge University Press.
3 McGregor, P. K. 2005 Animal communication networks.
Cambridge, UK: Cambridge University Press.
4 Freeberg, T. M., Dunbar, R. I. M. & Ord, T. J. 2012
Social complexity as a proximate and ultimate factor
in communicative complexity. Phil. Trans. R. Soc. B
367, 1785–1801. (doi:10.1098/rstb.2011.0213)
5 Ekman, J. 1989 Ecology of non-breeding social systems
of Parus. Wilson Bull. 101, 263–288.
6 Haftorn, S. 1993 Ontogeny of the vocal repertoire in the
willow tit, Parus montanus. Ornis Scand. 24, 267–289.
(doi:10.2307/3676789)
7 Bradbury, J. W. & Vehrencamp, S. L. 1998 Principles of
animal communication. Sunderland, MA: Sinauer.
8 Darwin, C. 1871 The descent of man, and selection in
relation to sex. London, UK: John Murray. (Reprinted
by Princeton University Press, 1981.)
9 Hauser, M. D. 1996 The evolution of communication.
Cambridge, MA: MIT Press.
10 Marler, P. 1961 Logical analysis of animal communi-
cation. J. Theor. Biol. 1, 295–317. (doi:10.1016/0022-
5193(61)90032-7)
11 Ord, T. J., Blumstein, D. T. & Evans, C. S. 2002 Ecol-
ogy and signal evolution in lizards. Biol. J. Linnean Soc.
77, 127–148. (doi:10.1046/j.1095-8312.2002.00100.x)
12 Blumstein, D. T. & Armitage, K. B. 1997 Does sociality
drive the evolution of communicative complexity?
A comparative test with ground-dwelling sciurid alarm
calls. Am. Nat. 150, 179–200. (doi:10.1086/286062)
13 Kroodsma, D. E. 1977 Correlates of song organization
among North-American wrens. Am. Nat. 111,
995–1008. (doi:10.1086/283228)
14 McComb, K. & Semple, S. 2005 Coevolution of vocal
communication and sociality in primates. Biol. Lett. 1,
381–385. (doi:10.1098/rsbl.2005.0366)
15 Krause, J. & Ruxton, G. D. 2002 Living in groups.
Oxford, UK: Oxford University Press.
16 Wilson, E. O. 1975 Sociobiology: the new synthesis.
Cambridge, MA: Harvard University Press.
17 Cheney, D. L. & Seyfarth, R. M. 1990 How monkeys see
the world: inside the mind of another species. Chicago, IL:
University of Chicago Press.
18 Suzuki, T. N. 2012 Long-distance calling by willow tit,
Poecile montanus, facilitates formation of mixed-species
foraging ﬂocks. Ethology 118, 10–16. (doi:10.1111/j.
1439-0310.2011.01982.x)
Review. Parid vocal complexity I. Krams et al. 1887
Phil. Trans. R. Soc. B (2012)19 Boinski, S. 1993 Vocal coordination of troop move-
ment among white-faced capuchin monkeys, Cebus
capucinus. Am. J. Primatol. 30, 85–100. (doi:10.1002/
ajp.1350300202)
20 Boinski, S. & Campbell, A. F. 1995 Use of trill vocaliza-
tions to coordinate troop movement among white-faced
capuchins: a 2nd ﬁeld test. Behaviour 132, 875–901.
(doi:10.1163/156853995x00054)
21 Boinski, S. & Campbell, A. F. 1996 The huh vocaliza-
tion of white-faced capuchins: a spacing call disguised
as a food call? Ethology 102, 826–840. (doi:10.1111/j.
1439-0310.1996.tb01204.x)
22 Garber, P. A., Pruetz, J. D. & Isaacson, J. 1993 Patterns
of range use, range defence, and intergroup spacing
in moustached tamarin monkeys (Saguinus mystax).
Primates 34, 11–25. (doi:10.1007/bf02381276)
23 Hauser, M. D., Teixidor, P., Field, L. & Flaherty, R.
1993 Food-elicited calls in chimpanzees: effects of food
quantity and divisibility. Anim. Behav. 45, 817–819.
(doi:10.1006/anbe.1993.1096)
24 Wilkinson, G. S. & Boughman, J. W. 1998 Social calls
coordinate foraging in greater spear-nosed bats. Anim.
Behav. 55, 337–350. (doi:10.1006/anbe.1997.0557)
25 Palombit, R. A., Cheney, D. L. & Seyfarth, R. M. 1999
Male grunts as mediators of social interaction with
females in wild chacma baboons (Papio cynocephalus
ursinus). Behaviour 136, 221–242. (doi:10.1163/
156853999501298)
26 Wittig, R. M., Crockford, C., Seyfarth, R. M. &
Cheney, D. L. 2007 Vocal alliances in chacma baboons
(Papio hamadryas ursinus). Behav. Ecol. Sociobiol. 61,
899–909. (doi:10.1007/s00265-006-0319-5)
27 Gros-Louis, J. 2002 Context and behavioural correl-
ations of trill vocalizations in wild white-faced
capuchin monkeys (Cebus capuchinus). Am. J. Primatol.
57, 189–202. (doi:10.1002/ajp.10042)
28 Boinski, S., Morales, E., Kleiman, D. G., Dietz, J. M. &
Barker, A. J. 1994 Intragroup vocal behavior in wild
golden lion tamarins, Leontopithecus rosalia: honest com-
munication of individual activity. Behaviour 130, 53–75.
(doi:10.1163/156853994X00145)
29 de Waal, F. B. M. & Tyack, P. L. 2003 Animal social
complexity: intelligence, culture, and individualized societies.
Cambridge, MA: Harvard University Press.
30 Hurford, J. R., Studdert-Kennedy, M. & Knight, C.
1998 Approaches to the evolution of language. Cambridge,
UK: Cambridge University Press.
31 Knight, C., Studdert-Kennedy, M. & Hurford, J. R.
2000 The evolutionary emergence of language: social func-
tion and the origins of linguistic form. New York, NY:
Cambridge University Press.
32 Dunbar, R. I. M. 1996 Grooming, gossip, and the evolution
of language. Cambridge, MA: Harvard University Press.
33 Dunbar, R. I. M. 2003 The social brain: mind,
language, and society in evolutionary perspective.
Annu. Rev. Anthropol. 32, 163–181. (doi:10.1146/
annurev.anthro.32.061002.093158)
34 Aiello, L. C. & Dunbar, R. I. M. 1993 Neocortex size,
group size, and the evolution of language. Curr. Anthro-
pol. 34, 184–193. (doi:10.1086/204160)
35 Christiansen, M. H. & Kirby, S. 2003 Language
evolution: the hardest problem in science? In Language
evolution (eds M. H. Christiansen & S. Kirby),
pp. 1–15. Oxford, UK: Oxford University Press.
36 Greenberg, G. & Haraway, M. 1998 Comparative
psychology: a handbook. New York, MA: Garland
Publishing.
37 Roitblat, H. L. & Meyer, J.-A. 1995 Comparative
approaches to cognitive science. Cambridge, MA: MIT
Press.
38 Snowdon, C. T. 1999 An empiricist view of language
evolution and development. In The origins of language:
what nonhuman primates can tell us (ed. B. J. King), pp.
79–114. Santa Fe, NM: SAR Press.
39 Wilkinson,G.S.2003Socialandvocalcomplexityinbats.
InAnimalsocialcomplexity:intelligence,culture,andindivid-
ualized societies (ed. F. B. M. de Waal & P. L. Tyack), pp.
322–341. Cambridge, MA: Harvard University Press.
40 de Freitas, J. N. S., Carvalho, L. A. D., El-Hani, C. N. &
da Rocha, P. L. B. 2010 Afﬁliation in the social
interactions in captivity of the torch tail rat, Trinomys
yonenagae (Rodentia: Echimyidae). J. Ethol. 28,
105–112. (doi:10.1007/s10164-009-0161-0)
41 Baker, M. C. 1984 Social care behaviour of captive
slender mongooses (Herpestes sanguineus). Mammalia
48, 43–52.
42 LeRoux,A.,Cherry,M.I.&Manser,M.2009Thevocal
repertoireinasolitaryforagingcarnivore,Cynictispenicil-
lata, may reﬂect facultative sociality. Naturwissenschaften
96, 575–584. (doi:10.1007/s00114-008-0506-5)
43 Manser, M. 2001 The acoustic structure of suricates’
alarm call varies with predator type and the level of
response urgency. Proc. R. Soc. Lond. B 268, 2315–
2324. (doi:10.1098/rspb.2001.1773)
44 Bradbury, J. W. 2003 Vocal communication in wild par-
rots. In Animal social complexity: intelligence, culture, and
individualized societies (ed. F. B. M. de Waal &
P. L. Tyack), pp. 293–316. Cambridge, MA: Harvard
University Press.
45 Madge, S. & Burn, H. 2001 Crows and jays. Princeton,
NJ: Princeton University Press.
46 Freeberg, T. M. 2006 Social complexity can drive vocal
complexity: group size inﬂuences vocal information in
Carolina chickadees. Psychol. Sci. 17, 557–561.
(doi:10.1111/j.1467-9280.2006.01743.x)
47 Hailman, J. P. 1989 The organization of the major
vocalizations in the Paridae. Wilson Bull. 101, 305–343.
48 Freeberg, T. M. & Lucas, J. R. 2012 Information theor-
etical approaches to chick-a-dee calls of Carolina
chickadees (Poecile carolinensis). J. Comp. Psychol. 126,
68–81. (doi:10.1037/a0024906)
49 Hailman, J. P., Ficken, M. S. & Ficken, R. W. 1985 The
chick-a-dee call of Parus atricapillus: a recombinant
system of animal communication compared with
written-English. Semiotica 56, 191–224. (doi:10.1515/
semi.1985.56.3-4.191)
50 Mostrom, A. M. 1993 The social organization of
Carolina chickadee (Parus carolinensis) ﬂocks in the
non-breeding season. PhD dissertation, University of
Pennsylvania, Philadelphia.
51 Smith, S. M. 1991 The black-capped chickadee: behavior-
al ecology and natural history. Ithaca, NY: Cornell
University Press.
52 Harrap, S. & Quinn, D. 1995 Chickadees, tits,
nuthatches, and treecreepers. Princeton, NJ: Princeton
University Press.
53 Matthysen, E. 1990 Nonbreeding social organization in
Parus.I nCurrent ornithology (ed. D. M. Power), pp.
209–249. New York, NY: Plenum Press.
54 Otter, K. A. 2007 Ecology and behavior of chickadees and
titmice: an integrated approach. Oxford, UK: Oxford
University Press.
55 Ratcliffe, L. M., Mennill, D. J. & Schubert, K. A. 2007
Social dominance and ﬁtness in black-capped chicka-
dees. In Ecology and behaviour of chickadees and titmice:
an integrated approach (ed. K. A. Otter), pp. 131–146.
Oxford, UK: Oxford University Press.
56 Hailman, J. P. & Ficken, M. S. 1996 Comparative
analysis of vocal repertoires, with reference to chicka-
dees. In Ecology and evolution of acoustic communication
1888 I. Krams et al. Review. Parid vocal complexity
Phil. Trans. R. Soc. B (2012)in birds (eds D. E. Kroodsma & E. H. Miller), pp. 136–
159. Ithaca, NY: Comstock.
57 Lucas, J. R. & Freeberg, T. M. 2007 ‘Information’ and
the chick-a-dee call: communicating with a complex
vocal system. In Ecology and behaviour of chickadees and
titmice: an integrated approach (ed. K. A. Otter), pp.
199–213. Oxford, UK: Oxford University Press.
58 Gaddis, P. 1979 A comparative analysis of the vocal com-
munication systems of the Carolina chickadee and tufted
titmouse. Gainesville, FL: University of Florida.
59 Smith, S. T. 1972 Communication and other social behav-
ior in Parus carolinensis. Nuttall Ornithological Club,
publication no. 11, pp. 1–125. Cambridge, MA:
Nuttall Ornithological Club.
60 Hailman, J. P. & Ficken, M. S. 1986 Combinatorial
animal communication with computable syntax-chick-
a-dee calling qualiﬁes as language by structural linguis-
tics. Anim. Behav. 34, 1899–1901. (doi:10.1016/s0003-
3472(86)80279-2)
61 Hailman, J. P., Ficken, M. S. & Ficken, R. W. 1987 Con-
straints on the structure of combinatorial chick-a-dee
calls. Ethology 75, 62–80. (doi:10.1111/j.1439-0310.
1987.tb00642.x)
62 Sturdy, C. B., Phillmore, L. S. & Weisman, R. G. 2000
Call-note discriminations in black-capped chickadees
(Poecile atricapillus). J. Comp. Psychol. 114, 357–364.
(doi:10.1037/0735-7036.114.4.357)
63 Catchpole, C. K. & Slater, P. J. B. 1995 Bird song: bio-
logical themes and variations. Cambridge, UK:
Cambridge University Press.
64 Marler, P. & Slabbekoorn, H. 2004 Nature’s music: the
science of birdsong. Amsterdam, The Netherlands:
Elsevier.
65 Shannon, C. E. & Weaver, W. 1949 The mathematical
theory of communication. Urbana, IL: University of
Illinois Press.
66 Fagen, R. M. & Goldman, R. N. 1977 Behavioral cata-
log analysis methods. Anim. Behav. 25, 261–274.
(doi:10.1016/0003-3472(77)90001-x)
67 Ficken, M. S., Hailman, E. D. & Hailman, J. P. 1994
The chick-a-dee call system of the Mexican chickadee.
Condor 96, 70–82. (doi:10.2307/1369065)
68 Bloomﬁeld, L. L., Farrell, T. M. & Sturdy, C. B. 2008
All ‘chick-a-dee’ calls are not created equally. II. Mech-
anisms for discrimination by sympatric and allopatric
chickadees. Behav. Process. 77, 87–99. (doi:10.1016/j.
beproc.2007.06.008)
69 Bloomﬁeld, L. L. & Sturdy, C. B. 2008 All ‘chick-a-dee’
calls are not created equally. I. Open-ended categoriz-
ation of chick-a-dee calls by sympatric and allopatric
chickadees. Behav. Process. 77, 73–86. (doi:10.1016/j.
beproc.2007.06.011)
70 Charrier, I. & Sturdy, C. B. 2005 Call-based species
recognition in black-capped chickadees. Behav. Process.
70, 271–281. (doi:10.1016/j.beproc.2005.07.007)
71 Mammen, D. L. & Nowicki, S. 1981 Individual differ-
ences and within-ﬂock convergence in chickadee calls.
Behav. Ecol. Sociobiol. 9, 179–186. (doi:10.1007/
bf00302935)
72 Nowicki, S. 1983 Flock-speciﬁc recognition of chicka-
dee calls. Behav. Ecol. Sociobiol. 12, 317–320. (doi:10.
1007/bf00302899)
73 Charrier, I., Bloomﬁeld, L. L. & Sturdy, C. B. 2004
Note types and coding in parid vocalizations. I. The
chick-a-dee call of the black-capped chickadee (Poecile
atricapillus). Can. J. Zool./Revue Canadienne de Zoologie
82, 769–779. (doi:10.1139/z04-045)
74 Apel, K. M. 1985 Antipredator behavior in the black-
capped chickadee (Parus atricapillus). Milwaukee, WI:
University of Wisconsin.
75 Baker, M. C. & Becker, A. M. 2002 Mobbing calls of
black-capped chickadees: effects of urgency on call pro-
duction. Wilson Bull. 114, 510–516. (doi:10.1676/
0043-5643(2002)114[0510:mcobcc]2.0.co;2)
76 Templeton, C. N., Greene, E. & Davis, K. 2005 Allo-
metry of alarm calls: black-capped chickadees encode
information about predator size. Science 308, 1934–
1937. (doi:10.1126/science.1108841)
77 Moscicki, M. K., Hoeschele, M., Bloomﬁeld, L. L.,
Modanu, M., Charrier, I. & Sturdy, C. B. 2011 Note
types and coding in Parid vocalizations: the chick-a-dee
call of the boreal chickadee (Poecile hudsonicus).
J. Acoust. Soc. Am. 129, 3327–3340. (doi:10.1121/1.
3560925)
78 Hoeschele, M., Gammon, D. E., Moscicki, M. K. &
Sturdy, C. B. 2009 Note types and coding in Parid
vocalizations: the chick-a-dee call of the chestnut-
backed chickadee (Poecile rufuscens). J. Acoust. Soc.
Am. 126, 2088–2099. (doi:10.1121/1.3203736)
79 Freeberg, T. M., Lucas, J. R. & Clucas, B. 2003 Vari-
ation in chick-a-dee calls of a Carolina chickadee
population, Poecile carolinensis: identity and redundancy
within note types. J. Acoust. Soc. Am. 113, 2127–2136.
(doi:10.1121/1.1559175)
80 Bloomﬁeld, L. L., Phillmore, L. S., Weisman, R. G. &
Sturdy, C. B. 2005Note types and coding in parid vocal-
izations. III. The chick-a-dee call of the Carolina
chickadee (Poecile carolinensis). Can. J. Zool./Revue Cana-
dienne de Zoologie 83, 820–833. (doi:10.1139/z05-067)
81 Lucas, J. R., Schraeder, A. & Jackson, C. 1999 Carolina
chickadee (Aves, Paridae, Poecile carolinensis) vocaliza-
tion rates: effects of body mass and food availability
under aviary conditions. Ethology 105, 503–520.
(doi:10.1046/j.1439-0310.1999.00445.x)
82 Freeberg, T. M. 2008 Complexity in the chick-a-dee
call of the Carolina chickadee (Poecile carolinensis):
associations of context and signaler behavior to call
structure. Auk 125, 896–907. (doi:10.1525/auk.2008.
07025)
83 Bartmess-LeVasseur, J., Branch, C. L., Browning, S. A.,
Owens, J. L. & Freeberg, T. M. 2010 Predator stimuli
and calling behavior of Carolina chickadees (Poecile car-
olinensis), tufted titmice (Baeolophus bicolor), and white-
breasted nuthatches (Sitta carolinensis). Behav. Ecol.
Sociobiol. 64, 1187–1198. (doi:10.1007/s00265-010-
0935-y)
84 Nolen, M. T. & Lucas, J. R. 2009 Asymmetries in mob-
bing behaviour and correlated intensity during predator
mobbing by nuthatches, chickadees and titmice. Anim.
Behav. 77, 1137–1146. (doi:10.1016/j.anbehav.2009.
01.023)
85 Soard, C. M. & Ritchison, G. 2009 ‘Chick-a-dee’ calls
of Carolina chickadees convey information about degree
of threat posed by avian predators. Anim. Behav. 78,
1447–1453. (doi:10.1016/j.anbehav.2009.09.026)
86 Zachau, C. E. & Freeberg, T. M. 2012 Chick-a-dee call
variation in the context of “ﬂying” avian predator
stimuli: a ﬁeld study of Carolina chickadees. (Poecile
carolinensis). Behav. Ecol. Sociobiol. 66, 683–690.
(doi:10.1007/s00265-012-1316-5)
87 Mahurin, E. J. & Freeberg, T. M. 2009 Chick-a-dee call
variation in Carolina chickadees and recruiting ﬂock-
mates to food. Behav. Ecol. 20, 111–116. (doi:10.
1093/beheco/arn121)
88 Freeberg, T. M. & Lucas, J. R. 2002 Receivers respond
differently to chick-a-dee calls varying in note compo-
sition in Carolina chickadees, Poecile carolinensis. Anim.
Behav. 63, 837–845. (doi:10.1006/anbe.2001.1981)
89 Moscicki, M. K., Hoeschele, M. & Sturdy, C. B. 2010
Note types and coding in parid vocalizations: the
Review. Parid vocal complexity I. Krams et al. 1889
Phil. Trans. R. Soc. B (2012)chick-a-dee call of the Mexican chickadee Poecile
sclateri. Acta Ornithol. 45, 147–160. (doi:10.3161/
000164510x551282)
90 Bloomﬁeld, L. L., Charrier, I. & Sturdy, C. B. 2004
Note types and coding in parid vocalizations. II. The
chick-a-dee call of the mountain chickadee (Poecile gam-
beli). Can. J. Zool./Revue Canadienne de Zoologie 82,
780–793. (doi:10.1139/z04-046)
91 Gaddis, P. K. 1985 Structure and variability in the vocal
repertoire of the mountain chickadee. Wilson Bull. 97,
30–46.
92 Owens, J. L. & Freeberg, T. M. 2007 Variation in chick-
a-dee calls of tufted titmice, Baeolophus bicolor: note type
and individual distinctiveness. J. Acoust. Soc. Am. 122,
1216–1226. (doi:10.1121/1.2749459)
93 Courter,J.R.&Ritchison,G.2010Alarmcallsoftuftedtit-
mice convey information about predator size and threat.
Behav. Ecol. 21, 936–942. (doi:10.1093/beheco/arq086)
94 Sieving, K. E., Hetrick, S. A. & Avery, M. L. 2010 The
versatility of graded acoustic measures in classiﬁcation
of predation threats by the tufted titmouse Baeolophus
bicolor: exploring a mixed framework for threat com-
munication. Oikos 119, 264–276. (doi:10.1111/j.
1600-0706.2009.17682.x)
95 Krams, I. 2000 Long-range call use in dominance-
structured crested tit Parus cristatus winter groups.
J. Avian Biol. 31, 15–19. (doi:10.1034/j.1600-048X.
2000.310103.x)
96 Krama, T., Krams, I. & Igaune, K. 2008 Effects of cover
on loud trill-call and soft seet-call use in the crested tit
Parus cristatus. Ethology 114, 656–661. (doi:10.1111/j.
1439-0310.2008.01514.x)
97 Hogstad,O.1995Alarmcallingbywillowtits,Parusmon-
tanus, as mate investment. Anim. Behav. 49, 221–225.
(doi:10.1016/0003-3472(95)80170-7)
98 Hurd, C. R. 1996 Interspeciﬁc attraction to the mob-
bing calls of black capped chickadees (Parus
atricapillus). Behav. Ecol. Sociobiol. 38, 287–292.
(doi:10.1007/s002650050244)
99 Templeton, C. N. & Greene, E. 2007 Nuthatches eaves-
drop on variations in heterospeciﬁc chickadee mobbing
alarm calls. Proc. Natl Acad. Sci. USA 104, 5479–5482.
(doi:10.1073/pnas.0605183104)
100 Mostrom, A. M., Curry, R. L. & Lohr, B. 2002 Caro-
lina chickadee. In The birds of North America (no. 636)
(eds A. Poole & F. Gill). Philadelphia, PA/Washington,
DC: Academy of Natural Sciences and American
Ornithologists’ Union.
101 Ficken, M. S. 1981 Food ﬁnding in black-capped
chickadees—altruistic communication? Wilson Bull.
93, 393–394.
102 Kendeigh, S. C. 1976 Latitudinal trends in metabolic
adjustments of house sparrows. Ecology 57, 509–519.
(doi:10.2307/1936435)
103 Ekman, J. 1986 Tree use and predator vulnerability of
wintering passerines. Ornis Scand. 17, 261–267.
(doi:10.2307/3676836)
104 Lima, S. L. 2009 Predators and the breeding bird: be-
havioral and reproductive ﬂexibility under the risk of
predation. Biol. Rev. 84, 485–513. (doi:10.1111/j.
1469-185X.2009.00085.x)
105 Ekman, J. & Hake, M. 1988 Avian ﬂocking reduces
starvation risk: an experimental demonstration. Behav.
Ecol. Sociobiol. 22, 91–94. (doi:10.1007/BF00303543)
106 Tarboton, W. R. 1981 Cooperative breeding and group
territoriality in the black tit (Parus niger). Ostrich 52,
216–225. (doi:10.1080/00306525.1981.9633609)
107 GrubbJr,T.C.&Pravasudov,V.V.1994Tuftedtitmouse
(Baeolophus bicolor). In The birds of North America online
(ed. A. Poole). Ithaca, IL: Cornell Laboratory of
Ornithology. See http://bna.birds.cornell.edu/bna/
species/086.
108 Cicero, C. 1996 Sibling species of titmice in the Parus
inornatus complex (Aves: Paridae). Universityof Califor-
nia Publications in Zoology no. 128. Berkeley, CA:
University of California Press.
109 Cicero, C. 2000 Oak titmouse (Baeolophus inornatus)
and juniper titmouce (Baeolophus ridgwayi). In The
birds of North America (no. 485) (ed. A. Poole & F.
Gill), Philadelphia, PA/Washington, DC: Academy of
Natural Science and American Ornithologists’ Union.
110 Christman,B.J.2001Factorsinﬂuencingpair territorial-
ityinthejunipertitmouse.Condor103,361–369.(doi:10.
1650/0010-5422(2001)103[0361:FIPTIT]2.0.CO;2)
111 Nocedal, J. & Ficken, M. S. 1998 Bridled titmouse
(Baeolophus wollweberi). Philadelphia, PA/Washington,
DC: Academy of Natural Sciences and American
Ornithologists’ Union.
112 Ekman, J. 1987 Exposure and time use in willow tit
ﬂocks: the cost of subordination. Anim. Behav. 35,
445–452. (doi:10.1016/s0003-3472(87)80269-5)
113 Turner, G. F. & Pitcher, T. J. 1986 Attach abatement:
a model for group protection by combined avoidance
and dilution. Am. Nat. 128, 228–240. (doi:10.1086/
284556)
114 Pitcher, T. J. & Parrish, J. K. 1993 Functions of shoaling
behaviourinteleosts.InBehaviourofteleostﬁshes(ed.T.J.
Pitcher), pp. 363–439. London, UK: Chapman & Hall.
115 Christman, B. J. 2001 Low ﬂock coherence in mild win-
ters leads to a lack of subordination costs in bridled
titmouce foraging groups. Ibis 143, 617–626. (doi:10.
1111/j.1474-919X.2001.tb04889.x)
116 Milinski,M.&Heller,R.1978Inﬂuenceofapredatoron
optimal foraging behavior of sticklebacks (Gasterosteus
aculeatus L.). Nature 275, 642–644. (doi:10.1038/
275642a0)
117 Hamilton, W. D. 1971 Geometry for the selﬁsh herd.
J. Theor. Biol. 31, 295–311. (doi:10.1016/0022-5193
(71)90189-5)
118 Krams, I., Krama, T., Igaune, K. & Mand, R. 2008
Experimental evidence of reciprocal altruism in the
pied ﬂycatcher. Behav. Ecol. Sociobiol. 62, 599–605.
(doi:10.1007/s00265-007-0484-1)
119 Wheatcroft, D. J. & Krams, I. 2009 Response to Russell
and Wright: avian mobbing. Trends Ecol. Evol. 24,5 – 6 .
(doi:10.1016/j.tree.2008.09.002)
120 Pravosudov, V. V. & Lucas, J. R. 2001 A dynamic model
of short-term energy management in small food-caching
and non-caching birds. Behav. Ecol. 12, 207–218.
(doi:10.1093/beheco/12.2.207)
121 Agrawal, A. A. 2001 Ecology: phenotypic plasticity in
the interactions and evolution of species. Science 294,
321–326. (doi:10.1126/science.1060701)
122 Callaway, R. M. et al. 2002 Positive interactions among
alpine plants increase with stress. Nature 417, 844–848.
(doi:10.1038/nature00812)
123 Greenlee, J. T. & Callaway, R. M. 1996 Abiotic stress
and the relative importance of interference and facili-
tation in montane bunchgrass communities in western
Montana. Am. Nat. 148, 386–396. (doi:10.1086/
285931)
124 Bertness, M. D. & Callaway, R. 1994 Positive inter-
actions in communities. Trends Ecol. Evol. 9, 191–193.
(doi:10.1016/0169-5347(94)90088-4)
125 Krams, I., Berzins, A., Krama, T., Wheatcroft, D.,
Igaune, K. & Rantala, M. J. 2010 The increased risk
of predation enhances cooperation. Proc. R. Soc. B
277, 513–518. (doi:10.1098/rspb.2009.1614)
126 Monkkonen, M., Helle, P., Niemi, G. J. & Montgomery,
K. 1997 Heterospeciﬁc attraction affects community
1890 I. Krams et al. Review. Parid vocal complexity
Phil. Trans. R. Soc. B (2012)structure and migrant abundances in northern breeding
bird communities. Can. J. Zool./Revue Canadienne de
Zoologie 75, 2077–2083. (doi:10.1139/z97-842)
127 Seppanen, J. T., Forsman, J. T., Monkkonen, M.,
Krams, I. & Salmi, T. 2011 New behavioural trait
adopted or rejected by observing heterospeciﬁc tutor
ﬁtness. Proc. R. Soc. B 278, 1736–1741. (doi:10.
1098/rspb.2010.1610)
128 Forsman, J. T., Hjernquist, M. B., Taipale, J. &
Gustafsson, L. 2008 Competitor density cues for habi-
tat quality facilitating habitat selection and investment
decisions. Behav. Ecol. 19, 539–545. (doi:10.1093/
beheco/arn005)
129 Griesser, M., Nystrand, M., Eggers, S. & Ekman, J.
2008 Social constraints limit dispersal and settlement
decisions in a group-living bird species. Behav. Ecol.
19, 317–324. (doi:10.1093/beheco/arm131)
130 Kokko, H. & Ekman, J. 2002 Delayed dispersal as a
route to breeding: territorial inheritance, safe havens,
and ecological constraints. Am. Nat. 160, 468–484.
(doi:10.1086/342074)
131 de Bono, M., Tobin, D. M., Davis, M. W., Avery, L. &
Bargmann, C. I. 2002 Social feeding in Caenorhabditis
elegans is induced by neurons that detect aversive
stimuli. Nature 419, 899–903. (doi:10.1038/
nature01169)
132 Rytkonen, S. & Soppela, M. 1995 Vicinity of sparrow-
hawk nest affects willow tit nest defence. Condor 97,
1074–1078. (doi:10.2307/1369550)
133 Spieler, M. 2003 Risk of predation affects aggregation
size: a study with tadpoles of Phrynomantis microps
(Anura: Microhylidae). Anim. Behav. 65, 179–184.
(doi:10.1006/anbe.2002.2030)
134 Spinks, A. C., Jarvis, J. U. M. & Bennett, N. C. 2000
Comparative patterns of philopatry and dispersal in
two common mole-rat populations: implications for
the evolution of mole-rat sociality. J. Anim. Ecol. 69,
224–234. (doi:10.1046/j.1365-2656.2000.00388.x)
135 Williams,E.H.2009Associationsofbehavioralproﬁleswith
social and vocal behavior in the Carolina chickadee (Poecile
carolinensis). Knoxville, TN: University of Tennessee.
136 Sih, A. & Watters, J. V. 2005 The mix matters: behav-
ioural types and group dynamics in water striders.
Behaviour 142, 1417–1431. (doi:10.1163/
156853905774539454)
137 Morse, D. H. 1970 Ecological aspects of some mixed-
species foraging ﬂocks of birds. Ecol. Monogr. 40,
119–168. (doi:10.2307/1942443)
138 Sasvari, L. 1992 Great tits beneﬁt from feeding in
mixed-species ﬂocks: a ﬁeld experiment. Anim. Behav.
43, 289–296. (doi:10.1016/s0003-3472(05)80224-6)
139 Cords, M. A. 1990 Mixed-species association of East
African guenons: general patterns or speciﬁc examples?
Am. J. Primatol. 21, 101–114. (doi:10.1002/ajp.
1350210204)
140 Forsman, J. T. & Monkkonen, M. 2001 Responses by
breeding birds to heterospeciﬁc song and mobbing
call playbacks under varying predation risk. Anim.
Behav. 62, 1067–1073. (doi:10.1006/anbe.2001.1856)
141 Dhondt, A. A. 2011 Interspeciﬁc competition in birds.
Oxford, UK: Oxford University Press.
142 GlutzvonBlotzheim,U. &Bauer,K.M.1993Handbuch
der Vo ¨gel Mitteleuropas. Wiesbaden, Germany: Aula.
143 Hogstad, O. 1987 Social rank in winter ﬂocks of willow
tits Parus montanus. Ibis 129,1–9 .( doi:10.1111/j.1474-
919X.1987.tb03155.x)
144 Krams, I. 1998 Rank-dependent fattening strategies for
willow tits Parus montanus and crested tit P . cristatus
mixed ﬂocks members. Ornis Fennica 75, 19–26.
145 Krams, I. A. 1996 Predation risk and shifts of foraging
sites in mixed willow and crested tit ﬂocks. J. Avian Biol.
27, 153–156. (doi:10.2307/3677144)
146 Suhonen, J. 1993 Predation risk inﬂuences the use of
foraging sites by tits. Ecology 74, 1197–1203. (doi:10.
2307/1940490)
147 Suhonen, J., Alatalo, R. V., Carlson, A. & Ho ¨glund, J.
1992 Food resource distribution and the organization
of the Parus guild in a spruce forest. Ornis Scand. 23,
467–474. (doi:10.2307/3676678)
148 Magrath, R. D. & Bennett, T. 2012 A micro-geography
of fear: learning to eavesdrop on alarm calls of neigh-
bouring heterospeciﬁcs. Proc. R. Soc. B. 279 (doi:10.
1098/rspb.2011.1362)
149 Goodale, E. & Kotagama, S. W. 2008 Response to con-
speciﬁc and heterospeciﬁc alarm calls in mixed-species
bird ﬂocks of a Sri Lankan rainforest. Behav. Ecol. 19,
887–894. (doi:10.1093/beheco/arn045)
150 Carere, C., Groothuis, T. G. G., Mostl, E., Daan, S. &
Koolhaas, J. M. 2003 Fecal corticosteroids in a territor-
ial bird selected for different personalities: daily rhythm
and the response to social stress. Horm. Behav. 43,
540–548. (doi:10.1016/s0018-506x(03)00065-5)
151 Hinde, R. A. 1952 The behaviour of the great tit (Parus
major) and some other related species. Behaviour
2(Suppl.1), 1–201.
152 Freeland, W. J. 1983 Parasites and the coexistence of
animal host species. Am. Nat. 121, 223–236. (doi:10.
1086/284052)
153 Steinhaus, E. A. 1958 Crowding as a possible stress
factor in insect disease. Ecology 39, 503–514. (doi:10.
2307/1931761)
154 Alexander, R. D. 1974 The evolution of social behav-
iour. Ann. Rev. Ecol. Syst. 5, 325–383. (doi:10.1146/
annurev.es.05.110174.001545)
155 Moller, A. P., Merino, S., Brown, C. R. & Robertson,
R. J. 2001 Immune defense and host sociality: a com-
parative study of swallows and martins. Am. Nat. 158,
136–145. (doi:10.1086/321308)
156 Proctor, H. & Owens, I. 2000 Mites and birds: diver-
sity, parasitism and coevolution. Trends Ecol. Evol. 15,
358–364. (doi:10.1016/s0169-5347(00)01924-8)
157 Spottiswoode, C. N. 2008 Cooperative breeding and
immunity: a comparative study of PHA response in
African birds. Behav. Ecol. Sociobiol. 62, 963–974.
(doi:10.1007/s00265-007-0521-0)
158 Clucas, B. A., Freeberg, T. M. & Lucas, J. R. 2004
Chick-a-dee call syntax, social context, and season
affect vocal responses of Carolina chickadees (Poecile
carolinensis). Behav. Ecol. Sociobiol. 57, 187–196.
(doi:10.1007/s00265-004-0847-9)
159 Baker, M. C. & Gammon, D. E. 2007 The gargel call of
black-capped chickadees: ontogeny, acoustic structure,
population patterns, function, and processes leading
to shared call characteristics. In Ecology and behavior
of chickadees and titmice: an integrated approach (ed.
K. A. Otter), pp. 176–182. Oxford, UK: Oxford
University Press.
160 Ord, T. J. & Garcia-Porta, J. 2012 Is sociality required
for the evolution of communicative complexity? Evi-
dence weighed against alternative hypotheses in
diverse taxonomic groups. Phil. Trans. R. Soc. B 367,
1811–1828. (doi:10.1098/rstb.2011.0215)
Review. Parid vocal complexity I. Krams et al. 1891
Phil. Trans. R. Soc. B (2012)